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Enhanced recovery from acute renal failure by the postischemic
infusion of adenine nucleotides and magnesium chloride in rats.
Although a number of manipulations prior to or during the initia-
tion phase of an acute renal injury will modify the degree of func-
tional impairment, agents administered after the acute insult usu-
ally have been ineffective. In the present study, adenine nude-
otides (AMP, ADP, or ATP) combined with magnesium chloride
were infused after an ischemic renal injury. Twenty-four hours
later: (I) rats that received no infusion or one of the components
of the mixture alone had reduced C1,, (355 40 d/min/l00 g of
body wt vs. 977 40 control value), decreased RBF (3550 205
l/min/l00 g of body wt vs. 5095 171 control value), elevated
FENa (0.65 0.10% vs. 0.17 0.04 control value), and dimin-
ished Uosm (862 110 mOsm/kg vs. 1425 132 control value);
(2) rats given dopamine or phenoxybenzamine maintained low
C1, (365 50) despite improved RBF (4678 222); (3) rats in-
fused with either AMP, ADP, or ATP combined with magnesium
chloride had markedly improved C1,, (594 44, P < 0.01), in-
creased RBF (4269 223, P < 0.01), normalized FEN,, (0.18
0.07%, P < 0.01), and improved Uo,m (1201 106 mOsmlkg, P <
0.05). tn animals given no infusion or only magnesium chloride,
ultrastructural studies demonstrated focal cellular necrosis and
marked generalized tubular cell and mitochondrial swelling,
whereas rats infused with ATP and magnesium chloride had few-
er ultrastructural changes with better preservation of cellular
morphology. Rats treated with ATP and magnesium chloride had
improved C1,, despite ischemic periods of 30, 45, and 60 mm; and
the degree of improvement was directly related to the quantity of
ATP and magnesium chloride administered. The cellular content
of exogenously administered ATP was 2.5 times greater in pre-
viously ischemic kidneys than in nonischemic kidneys. The data
indicate that adenine nucleotides combined with magnesium
chloride when infused after the initiation of acute renal failure
significantly improve both C1, and tubular function and suggest
that these agents effectively enhance recovery following an is-
chemic renal insult.
Meilleure recuperation, aprés insuffisance rénale aiguë chez le
rat, par Ia perfusion, après l'ischemie, de nucléotldes adényliques
et de chlorure de magnesium. Bien que diverses manoeuvres
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puissent diminuer l'importance de l'insuffisance rénale quand
elles sont réalisées préalablement a, ou en méme temps qu'une
lesion rénale aiguë, les agents administrés après la lesion rénale
aiguë sont habituellement inefficaces. Dans ce travail des nude-
otides adenyliques (AMP. ADP, ou ATP) combines a chlorure de
magnesium ont été perfusés après une ischémie renale aiguë.
Vingt-quatre heures après: (1) les rats qui n'avaient pas recu de
perfusion, ou seulement l'un des composants de l'association,
avaient une diminution de C1,, (355 40 d/minJ 100 g poids cor-
porel au lieu de 977 40, valeur contrôle), une diminution de
RBF (3550 205 dImin/l00 g poids corporel au lieu de 5095
171, valeur contrôle), une augmentation de FENa (0,65 0,10%
au lieu de 0,17 0,04, valeur contrôle) et une diminution de Uo,m
(862 110 mOsmlkg au lieu de 1425 132, valeur contrôle); (2)
les rats qui avaient recu de Ia dopamine ou de Ia phenoxybenza-
mine avaient des valeurs basses de C1,, (365 50) en dépit de
meilleures valeurs de RBF (4678 222); (3) les rats perfusés soit
avec AMP, ou ADP, ou ATP associés a chlorure de magnesium
avaient une amelioration nette de C1,, (544 44, P <0,01), une
augmentation de RBF (4269 223, P < 0,01), un FEN,, normal
(0,18 0,07%, P <0,01) et une amelioration de Uo,m (1201 106
mOsm/kg, P < 0,05). Chex les animaux n'ayant pas recu de per-
fusion, ou seulement chlorure de magnesium, les etudes ultra-
structurales ont montré des nCcroses cellulaires focales et un
gonflement cellulaire et mitonchondrial généralisé et important
alors que les rats perfusés avec ATP et chlorure de magnesium
avaient une amelioration de C1, en dépit de durées d'ischémie de
30, 45, et 60 mm. Le degré d'amélioration était directement lie a
Ia quantité d'ATP et chlorure de magnesium administrée. Le
contenu cellulaire en ATP exogène était 2,5 fois plus grand dans
les reins préalablement ischemiques que dans les reins non is-
chCmiques. Les résultats indiquent que les nucléotides adény-
liques associés a chlorure de magnesium, perfusés après le dé-
clenchement d'une insuffisance rénale aiguë améliorent signifi-
cativement a Ia fois C1,, et Ia fonction tubulaire, ce qui suggère
que ces agents accélérent effectivement Ia récupération après
une ischémie rénale.
The adenine nucleotide system is centrally impor-
tant to the energy metabolism of almost all cells and
includes the monophosphate, diphosphate, and tn-
phosphate of adenosine together with inorganic
phosphate and magnesium ions. It is reasonably
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well-established that a number of insults will result
in a depletion of tissue ATP. Tissue levels of ATP in
the kidney, liver, heart, muscle, or brain are signifi-
cantly reduced following an episode of severe hem-
orrhagic shock [1-8], endotoxic sepsis [9], thermal
burns [10], and experimental ischemia [11, 12].
Chaudry, Sayeed, and Baue have demonstrated
that the administration of ATP combined with mag-
nesium chloride restores tissue levels of ATP and
has a beneficial effect on the survival of animals
subjected to hemorrhagic shock [13]. Particularly
important is the observation that ATP with magne-
sium chloride is effective when infused as much as
90 mm after the beginning of the hemorrhagic insult.
In experimental acute renal failure, a number of
manipulations prior to or during the initiation phase
[14—20] will limit or modify the degree of functional
impairment. With only a few exceptions [17, 2 1—24],
agents administered after an ischemic renal insult,
however, have not been effective. A previous re-
port from our laboratory [25] indicates that the in-
fusion of ATP with magnesium chloride after 30 mm
of renal ischemia markedly enhances the recovery
process. The present studies have been undertaken
(1) to investigate the effectiveness of each of the
adenine nucleotides, (2) to determine the effects of
these agents on the ultrastructural changes associat-
ed with ischemic renal injury, (3) to evaluate the ef-
fect of various doses of ATP combined with magne-
sium chloride, (4) to determine the effectiveness of
ATP with magnesium chloride following different
intervals of ischemia, and (5) to further delineate
the tissue content of exogenously administered
ATP following isolated renal ischemia.
Methods
Animal preparation, clearance, and blood flow
studies. All studies were performed on male
Sprague-Dawley rats, each weighing 210 to 300g. In
experimental animals, renal ischemia was induced
as follows: the animals were anesthetized with so-
dium pentobarbital (50 mg/kg, i.p.) and placed on a
heated animal board. A catheter (PE-50) was se-
cured in the right external jugular vein, a midline
abdominal incision was made, and the abdominal
aorta was exposed by a careful blunt dissection.
Three minutes after the administration of heparin
(500 mg/kg) via the jugular catheter, a vascular
clamp was placed across the aorta proximal to the
origin of the left renal artery. Because of the posi-
tion of the celiac artery, a clamp could not be placed
proximal to the origin of the right renal artery.
Therefore, a silastic sling was looped around the
right renal artery just distal to its origin from the
aorta and placed on traction to occlude the right
renal artery. In all experiments, great care was
taken not to disturb the inferior vena cava or renal
veins. In five animals, strontium-85 microspheres
(15 2 s, 3M Corp) were injected into the root of
the aorta, via the carotid artery, 30 mm after both
renal vessels had been occluded. No radioactivity,
above background count, was found in any of the
ten kidneys. Thus, this technique resulted in bilater-
al renal artery occlusion and ischemia without ma-
nipulation of the renal veins.
Inulin clearance (C1) and renal blood flow (RBF)
were measured with 3H-methoxy-inulin. The ani-
mals were anesthetized (mactin, 80 to 100 mg/kg,
i.p.), placed on a heated animal board to maintain
temperature between 36.5 and 3750 C, a tracheos-
tomy was performed, and polyethylene catheters
(PE-50) were secured into the external jugular vein,
left carotid artery, and bladder. After replacement
of surgical losses with isotonic saline (2 to 3% body
wt), a priming dose of 10 pCi of 3H-methoxy-inulin
(New Eng. Nuclear Co.) was given and followed by
a sustaining infusion of 10 pCi/hr in a volume of 1.2
ml. After a 45-mm equilibration period, inulin clear-
ance was determined by the average of three 10-mm
urine collections. Blood samples were obtained
from the tail at the midpoint of each urine collec-
tion, and at the end of the third clearance period a
sample was obtained from the left renal vein. The
concentration of 3H-methoxy-inulin was deter-
mined with a liquid scintillation counter, and the in-
ulin clearance and renal blood flow were calculated
by standard formulae [26]. Urinary osmolality
(U0) and fractional excretion of sodium (FENa)
were determined from specimens obtained during
the clearance periods.
After completion of the clearance periods, total
renal blood flow (RBF) was determined with radio-
active microspheres. A small volume (0.1 cc) of
strontium-85 microspheres (15 2 js, 3M Corp),
which had been mixed for 3 mm by an ultrasonic
dismembranator (Artek Systems) and which con-
tained approximately 60,000 spheres, was injected
into the root of the aorta via the left carotid artery,
and simultaneously blood was withdrawn for 1 mm
from the left femoral artery at a constant and fixed
rate of 1.03 cc/mm. The animals were then sacri-
ficed, the kidneys removed, and the activity (counts
per minute) of the isotope in each kidney was deter-
mined in a gamma counter (Packard). Total renal
blood flow was determined as: counts per minute of
whole kidney ÷ counts per minute of femoral artery
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blood x 1.03 cc/mm. The data in Table 2 indicate
that RBF determined by microspheres was not sig-
nificantly different from RBF determined by inulin
clearance and extraction.
Specific studies. (1) To investigate the ef-
fectiveness of the individual adenine nucleotides,
the components of the mixture, and the effects of
vasodilators, we studied ten groups of animals.
Table 1 shows the number of animals and the type
and dosage of the postischemic infusion in each
group. Only 1.25 moles of adenosine were given
because this is the amount expected from the catab-
olism of 12.5 jhmoles of ATP [1]. All animals except
sham-operated group A were subjected to 30 mm of
bilateral renal artery occlusion, and all agents were
infused intravenously immediately after the ischem-
ic period. Clearance and blood flow studies were
performed 24 hours after the ischemic insult. The
ATP used in these studies was a disodium salt ob-
tained from equine muscle (Sigma Chemicals Co.).
Because each of the adenine nucleotides when com-
bined with magnesium chloride produced similar re-
sults (Table 2), only ATP was used with magnesium
chloride in subsequent studies.
(2) To determine the effects of ATP with magne-
sium chloride on the ultrastructural changes associ-
Table 1. Experimental design for study of adenine nucleotides after 30 mm of renal ischemia
Postischemic infusion
Group Substancea Dosage
Controls
A (sham) (N 12) Normal saline 0.25 ml
B (ischemic) (N = 15) Normal saline 0.25 ml
Individual components
C (N = 6) ATP 12.5 moles
D(N = 9) MgCI2 12.5 moles
E (N = 5) Adenosine 1.25 ,kmolesb
Vasodilators
F (N = 9) Phenoxybenzamine 5 mg/kg
G(N = 10) Dopamine 140mg
Adenine Nucleotide plus MgC12
H(N = 9) AMP + MgCI2 12.5 moles each
I (N = 9) ADP + MgCl2 12.5 .tmoles each
J (N = 11) ATP + MgCl2 12.5 moles each
a All solutions were administered i.v. in a volume of 0,25 ml.
'This represents the amount of adenosine expected from the catabolism of 12.5 tmoles of ATP [1].
Table 2. Renal function 24 hours after 30 mm of renal ischemia0
Total RBF
C10 Inulin Urine flow rate
p1/mini extraction Microspheres p1/mini FENa Uosm
Group /00 g body wt pJ/min//00g body wt /00g body wt % mosm/kg
Controls
A(sham) 997 40 5095 172 4869 178 1.71 0.21 0.17 0.04 1425 132
B (ischemic) 355 26b 2687 185b 2728 1b 3.02 0.35b 0.63 007b 808 l07'
Individual component
C(ATP) 371 32b 3867 250b,e 3910 222b,c 4.63 0.71" 0.59 011b 890 119"
D(MgCI2) 333 46" 3973 175b.C 4008 214",' 4.69 0.73" 0.53 0.12" 909 1Ø9b
E(adenosine) 353 49b 3890 143b,e 3830 160b.c 3.64 0.48" 0.63 015b 843 l28b
Vasodilators
F(phenoxybenzamine) 389 50" 4578 227' 4508 242e 337 0,23b 0.76 0.16" 717 110b
G(dopamine) 310 45" 4714 219C 4678 249C 3.63 0.58" 0.74 0,05b 829 97"
Adenine nucleotide
H(AMP + MgCI,) 606 48b,e 4289 229"' 4104 l90"' 3.10 0.42" 0.15 0.04C 1167 105"
I(ADP + MgCl2) 590 44b, 4228 2l3"' 4090 2O8"' 3.99 0,33" 0.21 0.07 1169 108d
J (ATP + MgCI,) 587 38"' c 4084 250"' e 4142 196" C 4.68 0.69" 0.19 0,06 1268 l05
a All values are means SEM.
P <0.01 compared to sham-operated control group A.
P <0.01 compared to ischemic control group B.
11 P <0.05 compared to ischemic control group B.
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ated with ischemic renal injury, we evaluated the
kidneys from each of three animals that received no
infusion, magnesium chloride alone, or ATP with
magnesium chloride. Twenty-four hours after the
respective postischemic infusions, the kidneys were
fixed in vivo by perfusion with dilute 0.2 M caca-
dylate buffered para-formaldehyde-glutaraldehyde
fixative with a diluent osmolarity of 300 mOsm. Al-
ter adequate perfusion, the kidneys were removed,
thin coronal sections were taken through the mid-
portion of the kidney, and a central core was di-
vided into several 1-mm blocks. These blocks were
immersed in full-strength Karnovsky's para-
formaldehyde-glutaraldehyde fixative for 4 hours,
washed in buffer, postfixed in osmium tetroxide,
stained en-bloc with 0.5% uranyl acetate, and em-
bedded after dehydration in Epon. Sections were
cut with diamond knives with a LKB III or LKB
Huxley ultramicrotome. Thick sections for light mi-
croscopy were stained with toluidine blue-basic
fuchsin, and thin sections were stained with lead
citrate. Blocks from subcapsular outer cortex, jux-
tamedullary cortex, and outer stripe of the medulla
were examined by both "thick" section light mi-
croscopy and electron microscopy. The various
segments of the proximal tubules (S1, S2, S3) were
identified by cytologic details when ischemic
changes did not obscure the distinctive character-
istics. Where necrosis was evident or where cyto-
logic features were altered by ischemic changes,
topographic criteria were used to identify the S3
segment in proximal straight tubules in blocks from
the juxtamedullary cortex and outer medulla.
Blocks were chosen from each region of all the pro-
cessed kidneys and individual photomicrographs
were evaluated without prior knowledge of the type
of infusion given.
(3) To evaluate the effect of various doses of
ATP plus magnesium chloride, we infused the ani-
mals after 30 mm of renal ischemia with normal sa-
line (10 animals) or ATP plus magnesium chloride in
dosages of 12.5 moles (11 animals), 25 moles (16
animals), or 50 j.imoles (10 animals). Animals would
not tolerate more than 50 .tmoles of ATP plus mag-
nesium chloride as a constant infusion. All infusions
consisted of 0.25 to 0.50 ml of volume. Clearance
studies were performed 24 hours after the ischemic
insult.
(4) To evaluate the effectiveness of ATP plus
magnesium chloride after various intervals of is-
chemia, we subjected the animals to either 30 mm
(24 animals), 45 mm (20 animals), or 60 mm (22 ani-
mals) of renal ischemia. One-half the animals in
each group received either no infusion or normal sa-
line, and the other half received ATP plus magne-
sium chloride (12.5 moles each). Clearance studies
were performed 24 hours after the ischemic insult.
(5) To delineate the tissue uptake of exogenou sly
administered ATP plus magnesium chloride, follow-
ing an ischemic insult, we infused intravenously (8-
'4C)-ATP (12.5 moles; specific activity, approx. 2
mCilmmole) combined with an equivalent amount
of magnesium chloride in a volume of 0.25 ml imme-
diately after either sham operation (8 animals) or 30
mm of renal ischemia (8 animals). Thirty minutes
after the (8-14C)-ATP plus magnesium chloride in-
fusion, small pieces of liver and kidney were frozen
in situ between aluminum tongs cooled in liquid ni-
trogen. Simultaneously, a sample of blood was ob-
tained, and the plasma was separated. The tissues
were then homogenized in a 1.0-ml solution con-
taining trichloraceitc acid (10%) and hydrochloric
acid (0.1 M) and centrifuged. The plasma was depro-
teinized with a trichloracetic and hydrochloric acid
mixture. The supernatant solutions were extracted
four times with water-saturated ether and then neu-
tralized with 1.0 M Tris base. Samples (50 d) of the
tissue extract and plasma were applied to a What-
mann 3 MM paper and over-spotted with 10 pA of
marker solution containing 0.05 moles each of
ATP, ADP, AMP, inosine monophosphate (IMP),
inosine, adenosine, and hypoxanthine. Following
electrophoretic separation by the method of Wad-
kins and Lehninger [27], the individual nucleotide
spots (including inosone and adenosine where ap-
propriate) were identified under ultraviolet light, cut
from the paper, and placed in a counting vial togeth-
er with 15 ml of the aqueous scintillation solution.
Radioactivity was counted in a Packard liquid scin-
tillation counter. The concentration of the nude-
otides in plasma (micromoles per milliliter) and tis-
sue (micromoles per gram) were calculated from the
radioactivity observed in each fraction.
The extracellular space of liver and kidney was
measured according to the method of Williams and
Woodbury [28]. Thirty minutes following the i.v. in-
fusion of inulin in control animals as well as animals
that underwent 30 mm of renal ischemia, small
pieces of liver and kidney were frozen in situ as de-
scribed above. Simultaneously, blood was obtained
and plasma separated. Tissue samples were homog-
enized in a barium hydroxide and zinc sulfate mix-
ture, and these samples as well as plasma samples
were analyzed for inulin [29].
The extracellular content of the exogenously ad-
ministered nucleotides was calculated on the as-
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Fig. 1. Inulin clearance 24 hours after 30 mm of bilateral renal
artery occlusion. Enhanced recovery of C1 is seen only in ani-
mals who received a postischemic infusion of one of the adenine
nucleotides (AMP, ADP, or AlP) combined with magnesium
chloride. Values of Cth for animals that received individual com-
ponents of the mixture (ATP, magnesium chloride alone, or
adenosine) or a potent vasodilator (phenoxybenzamine or dopa-
mine) were similar to those of ischemic control animals. Bars
represent the means SEM.
sumption that the concentration of each nucleotide
in the extracellular water was the same as that of
plasma. The term "cellular content" will refer to
the tissue content of radioactively labeled nude-
otides that could not be accounted for by the esti-
mated extracellular content. It should be pointed
out, however, that the precise localization of exoge-
nously administered ATP into the cell was not de-
termined, that assumptions used in these calcu-
lations would result in an estimation of the mini-
mum cellular nucleotide content, and this analysis
will not differentiate between nonspecific binding
and intracellular uptake.
Where applicable, comparison of groups was
made using Student's t test or analysis of variance.
All values are given as the means SEM for animals
in each group.
Results
(1) Adenine nucleotide studies (Tables I and 2
and Fig. 1). The saline-infused ischemic animals
(group B) had findings that are characteristic of
the early phase of recovery from a renal insult [30—
32]. Those findings include: (1) reduced C1 (355
26 vs. 997 40 p.1/min/l00 g of body wt in sham-
operated rats); (2) a return of RBF to more than
50% of control values; (3) impaired sodium reab-
So1ptiOfl (FENa of 0.63 0.07% vs. 0.17 0.04% in
sham-operated rats); and (4) diminished Uosm (808
107 vs. 1425 132 in sham-operated rats).
The animals that received individual compo-
nents of the mixture (groups C, D, and E) had
values of Cth, RBF, FENa, and Uosm that were quite
consistent. In addition, the values for C1, FENa,
and U0, in these animals (groups C, D, and E) are
similar to those of group B animals, whereas RBF
was significantly greater (P < 0.01) than it was in
group B. The postischemic infusion of phenoxy-
benzamine (group F) and dopamine (group' G) re-
sulted in a significant increase in RBF (4578 227
and 4714 219 1tzl/min/100 g of body wt, respective-
ly), compared to group B animals. These hemo-
dynamic changes failed to have any significant ef-
fect on C1, FENa, or Uosm.
The animals which received one of the adenine
nucleotides combined with magnesium chloride
(groups H, I, and J) demonstrated: (I) accelerated
recovery of C1 (606 48, 590 44, and 587 38
/LlImin/100 g of body wt, respectively);(2) improved
recovery of RBF; and (3) enhanced recovery of
tubular function reflected by a return of FENa and
Uosm toward control values. There were no signifi-
cant differences between the values within each of
these groups (groups H, I, and J).
(2) Ultrastructural studies (Fig. 2). Representa-
tive changes from each of the groups of animals
studied (no infusion, magnesium chloride alone, or
ATP plus magnesium chloride) are shown in Fig. 2.
In the animals that received no infusion or magne-
sium chloride, there were extensive ischemic
changes that uniformly involved the cortex, al-
though the severity varied from one area to another.
There were numerous patches of necrosis. The
proximal tubular epithelium, particularly the S3 seg-
ment, demonstrated marked vacuolization, swel-
ling, disruption of mitochondria, and loss of brush
border with moderate debris within the tubular lu-
men (Fig. 2b). In some areas of the S3 segment, the
tubular basement membrane was completely de-
nuded with loss of necrotic cells into the lumen
(Fig. 2a). The vessels had evidence of extravasation
of RBC into the wall, suggesting intense arteriolar
spasm. In the animals treated with magnesium chlo-
ride alone, a fine precipitate was seen along the
basement membrane and scattered throughout the
cytoplasm. In these animals, there was an increase
in granulation of the juxtaglomerular cells.
In the animals infused with ATP plus magnesium
chloride, patchy necrosis was less prominent, and
the ischemic changes were less severe in all areas of
the cortex. The patchy areas of complete necrosis
with denudation of the basement membrane were
rare, and the brush border, cellular organelles, and
mitochondria of sublethally damaged cells were bet-
ter preserved (Fig. 2c).
(3) Various doses of ATP plus tnagnesiutn chlo-
ride (Fig. 3). The effect of the postischemic infusion
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Fig. 2. Ultrastructural studies of cell morphology. In each panal, the tubular basement membrane is oriented along the lower edge and
the tubular lumen is toward the upper edge. A Electron micrograph of the S3 segment of the proximal tubule of an animal that received
no postischemic infusion. There is extensive desquamation of necrotic epithelial cells denuding the underlying basement membrane.
Similar changes were also seen in animals that received an infusion of magnesium chloride alone. (Magnification, x6000) B The S3 seg-
ment of the proximal tubule of an animal that received magnesium chloride alone. There is irreversible cell injury with mitochondrial
swelling and calcification, vacuolization of the cytoplasms, and loss of the brush border microvilli. Untreated animals had similar ultra-
structural changes. (Magnification, x6000) C Electron micrograph of the 53 segment of the proximal tubule of an animal that received
ATP plus magnesium chloride. Although the cell in the lower part demonstrates irreversible injury with increased density of the cell sap
and many bizarre mitochondria, the adjacent cells are relatively intact with preservation of the microvilli and more normal mitochondrial
and cytoplasmic structure. Some necrotic debris is present in the lumen. (Magnification x4300)
of various doses of ATP plus magnesium chloride
on the recovery of C1 is shown in Fig. 3. Animals
which received no infusion had a C1 of 360 33 l/
mm/tOO g of body wt. The degree of recovery of C1,
was directly related to the quantity of ATP plus
magnesium chloride administered. With the in-
fusion of 12.5 moles, 25 ILmoles, or 50 jxmoles, the
C1, was 630 30, 788 20, and 876 25 pJ/min/100
g of body wt, respectively. Each value of C1. is sta-
tistically significantly different (P < 0.01) from the
immediately preceding value.
(4) Different intervals of ischemia. The effect of a
postischemia infusion of ATP plus magnesium chlo-
ride (12.5 xmoles each) after 30, 45, and 60 mm of
ischemia was studied. In each ischemia period, the
animals that received no infusion or normal saline
had similar values and are represented, therefore,
by a combined value. Irrespective of the duration of
ischemia, the animals infused with ATP plus mag-
nesium chloride had inulin clearances which were
significantly higher (P <0.01) than those of the non-
infused/saline-treated animals. Twenty-four hours
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Fig. 3. Percent recovery of C1,,24 hours after 30 mm of bilateral
renal artery occlusion. The degree of recovery of Ci,, is directly
related to the quantity of ATP plus magnesium chloride ad-
ministered after the ischemic insult. Each point (mean SEM)
is statistically significantly different (P < 0.01) from the immedi-
ately preceding value.
after 30, 45, and 60 mm of ischemia, C1 was 361
30, 300 34, and 168 38 pJ/min/l00 g of body wt
in the noninfused/saline-treated animals. But the
animals given ATP plus magnesium chloride had in-
ulin clearances of 576 30, 540 40, and 340 44
pl/min!l00 g of body wt, 24 hours after 30, 45, and
60 mm of ischemic renal insult.
(5) Tissue uptake of (8-14C)-ATP (Fig. 4). There
was no significant difference between the extra-
cellular space of liver and kidney in control rats and
animals with renal ischemia. The extracellular
space of liver and kidney in control animals as well
as animals subjected to 30 mm of renal ischemia
was found to be 0.19 0.02 and 0.17 0.03 mug,
respectively. The extracellular spaces for these or-
gans are similar to the values reported by Williams
and Woodbury [28] and Mirkovitch et al [33]. Mea-
surement of plasma adenine nucleotide levels 30
mm following infusion of ATP plus magnesium
chloride in control animals indicated that extensive
degradation of the infused nucleotide occurred (Fig.
4). The principal breakdown product appearing in
the plasma was inosine; however, in control ani-
mals approximately 1% of the infused ATP was
present in the plasma as ATP. Thirty minutes fol-
lowing infusion, 0.12 j.moles/ml ATP was detected
in the plasma of control animals, whereas only 0.06
moles/ml ATP (P <0.01) could be detected in the
plasma of animals that were previously subjected to
renal ischemia. Therefore, there was either more
degradation or greater tissue uptake of the infused
ATP in animals subjected to renal ischemia. Be-
cause there was less recovery of the other nude-
otides in the plasma of animals with renal ischemia,
it appears that the tissue content of nucleotides was
increased following renal ischemia.
In control animals, cellular concentrations of in-
0
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Fig. 4. Concentration of labeled adenine nucleotides in plasma and tissues 30 mm following infusion of (8-'4C)-ATP (12.5 j.unoles;
specific activity, approximately 2 mCilmmole) in control animals and animals subjected to 30 mm of renal ischemia. Radioactivity pres-
ent as adenine and hypozanthine nucleotides in plasma and tissues was counted following electrophoretic separation. Cellular nucleotide
content was calculated as described under "Methods." Height of each column represents mean values of eight animals SEM.
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osine and adenosine were detected in addition to
the adenine nucleotides. The ratio of ATP:ADP was
approximately 1:1 in both kidneys and the liver.
In animals that received the ATP plus magne-
sium chloride infusion after 30 mm of renal is-
chemia, several findings were of importance: (1) the
previously ischemic kidney had a 2.5-fold increase
in uptake of ATP (P <0.01);(2) the ratio of ATP to
ADP was 3 in the right kidney (P <0.01) and 6 in
the left kidney (P < 0.01) but remained 1:1 in the
liver; (3) the liver had a threefold decrease in the
absolute amount of ATP taken up (P <0.01). These
results indicate that following 30 mm of renal artery
occlusion, the previously ischemic kidney has a
marked increase in cellular content of exogenously
administered ATP.
Discussion
Over the past 25 years, a great deal of attention
has been focused on the pathophysiology of acute
renal failure. Most investigators have been con-
cerned with those factors that initiate and main-
tain the oliguric phase of acute renal failure. A num-
ber of hypotheses have emerged, and these include
tubular obstruction, passive back diffusion of tubu-
lar fluid, primary diminution in glomerular filtra-
tion, a role for the intrarenal renin angiotensin sys-
tem, vascular damage resulting in no reflow, and
changes in cortical blood flow distribution and renal
vascular resistance. The relative contribution of a
number of these different factors in several animals
models have been reviewed [34-36].
In studies of experimental acute renal failure, a
number of manipulations prior to or during the initi-
ation phase will limit or modify the degree of func-
tional impairment [14-20]. With only a few ex-
ceptions [17, 21—24], agents administered after the
acute injury have been ineffective, however. In
1972, Flores et al reported that the administration of
hypertonic mannitol after 60 to 120 mm of renal is-
chemia was effective in modifying the degree of
endothelial cell swelling and reduced the blood level
of urea nitrogen [21]. Subsequent studies failed to
demonstrate any significant improvement in C1 fol-
lowing the postischemic infusion of hypertonic
mannitol [31]. More recently, de Torrente et 1 have
shown that the continuous administration of furose-
mide, after the induction of acute renal failure by a
40-mm infusion of norepinephrine, would modify
the degree of functional impairment [17]. Kleinman
et al and McNeil et al have reported that treatment
with dithiothreitol, a chelating agent, will enhance
recovery from established, uranyl nitrate-induced,
nephrotoxic acute renal failure [22, 23]. The present
studies are relatively unique in that the salutory ef-
fects of adenine nucleotides combined with magne-
sium chloride were observed when these agents
were administered after the ischemic insult.
Because tubular back-leak of inulin is known to
occur in this model of acute renal failure [36], C1
represents the net result of filtration and back-leak
rather than GFR alone. Nevertheless, the present
investigations would suggest that: (1) the post-
ischemic infusion of the adenine nucleotides when
combined with magnesium chloride will effectively
accelerate the recovery of C1 and tubular function
as well as enhance the preservation of cellular mor-
phology, (2) similar improvement is not observed
with the individual component of the mixture or po-
tent vasodilators, and (3) ATP combined with mag-
nesium chloride is effective after various ischemic
intervals, and the effect of this complex is related to
the quantity infused.
The observation that magnesium chloride is re-
quired to produce a salutory effect from the infusion
of ATP was also noted in animals subjected to hem-
orrhagic shock [13]. When given alone, ATP may
chelate divalent cations and produce significant car-
diovascular effects, which can be eliminated when
equimolar amounts of magnesium chloride are pro-
vided along with ATP [13]. It is also known that
magnesium in vitro and in vivo inhibits the deami-
niation and dephosphorylation of ATP [37]; thus the
combination of ATP with magnesium chloride may
make higher concentrations of ATP available to the
ischemic tissues.
The present studies differ in a number of ways
from previous observations in animals subjected to
hemorrhagic shock [13]. By producing a selected
organ system injury, the effect of these agents could
be determined following an insult that did not in-
volve the whole organism. It was possible to deter-
mine, therefore, whether or not these compounds
would be effective when only one organ was injured
and to separate the protective and systemic effects
of each of the adenine nucleotides. In fact, the find-
ing that ADP combined with magnesium chloride
and AMP combined with magnesium chloride had a
beneficial effect on recovery after renal ischemia
was somewhat unexpected. During the course of
these experiments, it was noted that animals in-
fused with 25 imoles of ADP or AMP developed
severe hypotension. Accordingly, the dose of the
ADP and AMP was reduced to 12.5 moles and
compared to a similar dose of ATP. In the studies of
hemorrhagic shock, the higher dose was used, and
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it is possible, therefore, that the beneficial effects of
ADP and AMP were not seen because of the hypo-
tension these nucleotides caused.
Interpretation of the tissue nucleotide data re-
quires consideration of several methodologic fac-
tors. The technique used to estimate extracellular
content of radioactively labeled nucleotides is
based on two assumptions: (1) inulin is a valid
marker of extracellular space and (2) the concentra-
tion of the nucleotides in the intercellular fluid is the
same as plasma. Because the tubular epithelium is
known to be leaky to inulin following an ischemic
injury [36] and because the back-leakage is thought
to occur via a transcellular pathway [38], the inulin
space would tend to overestimate the extracellular
space in this model of acute renal failure. Because
of the rapid utilization and metabolism of the ade-
nine nucleotides [37], it is also likely that our sec-
ond assumption is an overestimate of the actual ex-
tracellular concentration of nucleotides. Thus, the
cellular content of exogenously administered nude-
otide that was determined from the total tissue con-
tent of radioactively labeled nucleotide minus the
estimated extracellular content is a minimum value.
The net tissue content would represent a combina-
tion of intracellular and membrane-bound nude-
otide. Because of extensive degradation of external
ATP [1, 34] (Fig. 4 plasma values), it seems unlikely
that the majority of cellular nucleotide was simply
bound to the cell membrane. Specific localization of
radioactive nucleotides to an intracellular site re-
mains to be determined. Nevertheless, the present
studies do indicate that, in control animals, the net
tissue content of exogenously administered ATP in
liver and kidney was approximately the same. Fol-
lowing renal ischemia, however, cellular content of
radioactive ATP increased in kidney but decreased
in liver.
The increased cellular content in postischemic
kidneys was probably not due to either reactive hy-
peremia, because total renal blood flow was less
than control values even 24 hours after the renal in-
sult, or to decreased adenine catabolism, because
the tissue levels of the other nucleotides were not
reduced. These observations suggest that there is
enhanced cellular uptake of exogenously adminis-
tered ATP by postischemic organs. Ziegelhoffer,
Fedelesova, and Kostolansky [39] have shown that
the administration of ATP in isolated hypoxic and
hypothermic dog heart resulted in increased tissue
content of ATP.
Although the specific mechanism by which these
agents have been effective in accelerating recovery
after an ischemic renal insult cannot be determined
from the present studies, several possibilities ap-
pear likely and should be considered. Needleman,
Minkes, and Douglas have demonstrated that ATP
and ADP are potent stimulators of prostaglandin
biosynthesis in the kidney, but AMP and adenosine
are inactive [40]. An infusion of prostaglandin E has
been shown to modify the degree of renal functional
impairment in the noreprinephrine-induced model
of acute renal failure [41]. It is possible, therefore,
that the adenine nucleotides combined with magne-
sium chloride exert their effects via prostaglandin
stimulation. This seems improbable for several rea-
sons: (1) ischemia itself is a potent stimulator of
prostaglandin biosynthesis [40]; (2) AMP plus mag-
nesium chloride was effective in accelerating recov-
ery but did not promote prostaglandin biosynthesis
[40]; and (3) prostaglandin E must be given prior to
the injury to be effective [41] whereas the adenine
nucleotides combined with magnesium chloride
could be given after the renal insult.
Adenosine production by the kidney is small but
measurable under control conditions and increases
markedly during ischemia [42, 43]. In addition, it
has been proposed that adenosine is an important
mediator of the tubuloglomerular feedback re-
sponse [44] and that this compound may be respon-
sible for the renal vasoconstriction that follows an
ischemic insult [42, 43]. Increased renal vascular re-
sistance is involved in the initiation and mainte-
nance phase of ischemic renal injury [35, 36], and
augmentation of the tubuloglomerular feedback sys-
tem has been proposed as a mechanism for dimin-
ished C1 and vasoconstriction [35, 36]. It is not sur-
prising, therefore, that the postischemic infusion of
adenosine had no beneficial effect on recovery of
C1. On the other hand, it is possible that the in-
fusion of the adenine nucleotides combined with
magnesium chloride had a priming effect that dimin-
ished adenine catabolism and reduced adenosine
production following the ischemic insult. Thereby,
the degree of postischemic vasoconstriction would
be modified, the magnitude of the ischemic damage
would be limited, and the sensitivity of the tubulo-
glomerular feedback mechanisms would be re-
stored. Such a possibility is supported by the recent
findings of Chaudry, Sayeed, and Bave [1]. The
ATP uptake by kidney slices from animals in shock
was 2.5 times greater than it was control slices, and
the tissue levels of adenosine were less than control
values when the tissue slices were incubated with
ATP with magnesium chloride. In the present
study, a similar effect on cellular content of (8-'4C)-
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ATP was demonstrated (Fig. 4). The vasoactive as-
pects of adenine catabolism will not account com-
pletely for the enhanced recovery because potent
vasodilators improved the level of RBF but failed to
enhance the recovery of C1 and tubular function.
The potential effect of these compounds on intra-
cellular adenine metabolism appears, however, an
important consideration.
Although the present study does not provide di-
rect evidence for the intracellular localization of the
intravenously administered nucleotide, such a pos-
sibility should be considered for several reasons.
First, recent findings would suggest that, under cer-
tain circumstances, ATP may be released from and
taken up by selected tissues [45—51]. Forrester has
demonstrated that ATP was released from intact
skeletal muscle during exercise [45]. Silinsky and
Hubbard showed that ATP was released from mo-
tor nerve terminals during indirect stimulation [46].
Burnstock has reported that ATP is released from
nonadrenergic inhibitory neurons of the gut [47].
Pant et al have demonstrated that ATP in the extra-
cellular fluid could be transported into the ax-
oplasma of the squid giant axon [48]. Second,
Chaudry et at have demonstrated that ATP may be
taken up by liver and kidney slices under control
conditions [49], and the tissue accumulation is aug-
mented following shock [1]. Using experimental
techniques similar to those in the present report,
these investigators have shown direct evidence for
the intracellular uptake of exogenous ATP by the
liver and kidney in animals subjected to hemorrhag-
ic shock [1]. Maxild [50] has provided biochemical
evidence for the intracellular uptake of ATP. In cor-
tical slices of rabbit kidney, externally added ATP
caused an elevation of the concentration of tissue
ATP, reduced renal glucose degradation and oxy-
gen consumption, and promoted the utilization of
acetate [50]. Third, the provision of metabolic ener-
gy would allow the tubular cells to maintain active
processes, would limit cell swelling, and would en-
hance the recovery of function. The adenine nude-
otides could provide the substrate for the sodium-
potassium-ATPase pump which contributes to the
maintenance of cell volume by the extrusion of so-
dium and water from the cell interior. Sodium-po-
tassium-ATPase, a tetrameric glycoprotein that
spans the plasma membrane, requires the presence
of magnesium ion for binding of the substrate to the
enzymatic site. In studies of the reconstitution of
the sodium-potassium-ATPase pump in phospholip-
id bilayer vesicles, it has been determined that mag-
side" of the membrane to properly orient and stabi-
lize the reconstituted tetramer [52], a situation that
parallels the requirement for both ATP and magne-
sium chloride in the present study. In addition, this
possibility is supported by the observation in the
animals treated with adenine nucleotide and magne-
sium chloride of enhanced preservation of cellular
morphology with reduced cell swelling and acceler-
ated return of the active cellular transport processes
reflected in the renal reabsorption of sodium.
The present studies clearly indicate that the post-
ischemic infusion of adenine nucleotides plus mag-
nesium chloride will enhance the recovery of C1
and tubular function. These investigations offer a
unique new aspect for the study and understanding
of the pathophysiology of acute renal failure and or-
gan preservation.
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